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| >rocessing Ultra Wide 1 3and Synthetic
Aperture Radar 1 )ata with Motion lirrors

S¢ren Ngrvang Madsen

Abstract-  Several issucs makes the processing of ulira
wide band (UWB) SAR data acquired from an airborne plat-
form difficult. The character of yw1 data jjvalidates many
of the usual SAR batch processing techniques, leading to the

application 0f wavenumber domain type processors. Addi-
tionally, strip mode SAR processors generally doecsnotsup-

port motion compensation which is afunction of the target
location within the antenna beam. Thispaper will suggest
and evaluate an algorithm which combines awavenumber
domain processing algorithm with a motion ¢omp ¢nsation
procedure which enables motion compensation to be applied
as afunction of target range and the azimuth angle.

Keywords-  Ultra Wide Band SAR, synthetic aperture
radar, motion compensation.

. INTRODUCTION

YNTHETIC aperture radar (SAR) systems arc imag-

ing radars usually carried onan aircraft or a satellite.
By transmitting pulses of electromagunetic energy while
moving the radar system along a straight line (or a well
defined arc), and receiving and processing, the echoes from
those pulses in a coherent manner it is possible to syuthe-
size long antennas, and achieve very high image resolution.
Descriptions of the basic principles of SAR are found in
early references, c.g. [1], or inmore recent books, c¢.g. [2]
(note, many carly references are found in @ book by Ko
valy, [3]). Familiarity with the basic SAR principles will be
assumed in the following.

a . Long wavelength phenomenology

Lately there has been a increased interest in developing
SAR systems that operate at long wavelengths and at the
same time achieve very high resolution in both range and
azimuth. There arc many reasons for this interest. Gen-
crally, increasing the wavelength leads to alarger penctra-
tion depth. This was dramatically gemonstrated when the
first 1.-band Shuttle Imaging Radar, SIR-A, i1, 1981 showed
that a24 cm wavelength SAR could penetrate several me-
ters of dry desert sand, [4]. Also, the phenomenol ogy of
the scattering at the larger wavelengths is quite different
from that of more common centimeter level wavelengths.
Many natural targets (c.g. ficlds, plains, water) are smooth
at. these wavelengths while other targets will appear very
bright (c.g. targets resonating with the long wavelength
or double bounce reflections) resulting in images which ap-
pear asava y dark background with bright point scatterers

This work was performed at the Jet Propulsion] laboratory, Califor-
nia Institute of ‘I’ccliniolo, under contract with the National Aero-
nautics and Space Administration.

The guthor is With the Jet Propulsion j,aboratory, California Insti-
tute of Technology, Pasadena, CA 91109. E-mail: snm@jpl.nasa.gov

spread out over thescene. The justifications for the inter-
cst. in the simultancous high resolution in both range and
azimuth includes, 1) the requirement for high resolution
(e.g. for target identification, military applications); 2) a
desire to avoid the speckle phenomenon (which is caused
by the resolution cell being wide relative to half the wave-
length); ant] 3) the added information inilluminating a
target with a broadband signal as the target scattering
properties can/will change over the bandwidth.

B. Systems

A number of systems have been designed to collect long
wavelength SAR imagery. The J] 'l, ATRSAR system, [5],
has included a long wavelength A = 0.7 UHI® chaunel
since 1987.  The purpose of this system is primarily to
study the phenomenology at I'-, 1.-, and C-band to built
a knowledge base relevant, to the design of spaceborne sys-
tems. The spatial resolution requirement. for this system is
therefore quite moderate. One of the first. systems to op-
erate at long wavelengths while siimultancously achieviug
high resolution was developed by SRI. T'his system usc an
impulsc excitation which generates a transt nitted spectrum
extending from 100 to 600 MHz, and images processed to
200 MHz bandwidth were demonstrated in [G]. The Envi-
romnental Rescarch Institute of Michigan (1:R1M) has re-
cently built awideband UHE upgrade to the NAWC/ERIM
P-3 SAR system. This system was first tested in December
of 1994. The primary application of this system is to study
penctration of foliage and the detection and classification of
cultural objects. ‘1’0 meet these objectives and to be useful
for other remote sensing applications this system has been
designed with a very high resolution, 0.33 m inrange and
0.66 m in azimuth. This systemn has a 500 MHz instanta-
neous bandwidth that can be selected within the total fre-
quency range of 200 900 MHz. The Swedish CARABAS
utilizes even longer wavelengths as it operates in the band
from 20 to 90 MHz, [7] (this reference lists a number of
active UHF/VHF radar programs, and includes a discus-
sion of the reasons for applying longer wavelengths). Other
active UWB programs are also discussed in [8].

C. Long wavelength interferon wetry

Animportant motivation for the work described here is
recent considerations at JPI concerning the development
of a long wavelength interferometric SAR. SAR interfer-
ometry relics on combining two SAR images coherently.
Assuming that two SAR antenna tracks arc located such
that each target clement in the SAR images is observed
at slightly different elevation angles, the two data sets can
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be used to derive a highly accuracy 3-dimensionalmap of
t 11(! observedscene. 'The theory of SARint erferometry is
discussed in[9], [10], [1 1]. Processing techimiques for inter-
ferometric systems operating inthe microwave range of the
spectrum have alread y been developed, [12] and [13], and
height resolutions on the order of afew meters have been
demonstrated, [1 4]. If the scene being mapped is covered
by dense vegetation, centimeter wavelength interferometric
systems largely observe the top portion of a canopy, and as
the groundlevel is the desired height for topographic map
ping an undesired bias vegetation can be induced. Know-
ing that longer wavelengths penctrate foliage better, it is
obviously worth considering, if aninterferometric SAR op-
crating at long wavelengths, UHF or VI 1 F, could provide a
more accurate estimate of the Lruc ground height. This
evaluation is complex and involves inany critical issues.
One of the kcy issues is whetheiit is possible to develop
an eflicient processing algorithms which provides suflicient,
accuracy with respect to phase fidelity and gecometric ac-
curacy for interferometric applications. That is the subject
of this paper.

D. Qutline

Section 2 will present the processing requirements in
more detail and outline the shortcomings of existing algo
rithms. In section 3 the basic equations of the wave-domain
processing, approach arc summarized and these equations
will be the basis of the following sections. Section 4 will
augment the basic processing cquations with modifications
describing broadside motion compensation, and this lead
to the sccond order motion compensation correction which
is derived in section 5. This is followed by a description
of a simulation system developed and presentation of sim-
ulation results, section 6.Section 7 discusses limitations of
the proposed algorithm, followed by the conclusion of the
paper, section 8.

11. UWDBTPROCESSING ISSULS

Theprocessing of strip-map LIW11 data acquired from
an aircr aft involves at least o complications. Fit st, even
inthe ideal case where an aircraft is flying along a per-
fectly straight line, the wide range of wavelengths spanned
by the bandwidth invalidates a number of approximations
which arc used inthe standard SAR processors. T'hemuch
used range-Doppler processor, for instance, relics on the
range migration being a function of the Doppler frequency
as the range migration is given by the off-boresight. angle
and, for a given wavelength, the Doppler frequency is aso a
function of the off-boresight angle. However, this approach
will fail in the UWB case as the wavelength is not well de-
fined. Anexcellent examination of en ors introduced by the
approximations of several well known processing schemes
is found in [15). However, the so-called wavenumber do-
main algorithun, originally proposed by Rocca, [16], [17],
[15], is well suited. The second complication is that the
beamwidth of a UWDB system has to be very large (on the
order of one radian) for the range and azimuth resolutions

Target

Apcnur = Ay (COS@lgl._ l)

Correction 10
targot AP[YV(A.)' Cos ¢lgl

Correction to
broadside Ap,, . Ay

Fig. 1. The difference between the across-track motion displacement,

(= broadside cort ection) and the displacement to an off-broadside
target, viewed inthe slant range plane.

to be comparable. This is realized by observing that, the
dant range resolution is

(¢ is the speed of light, I3 is the range bandwidth]) and
the azimuth resolution for a given frequency aud change in
aspect angle is approximately, [1],

A c

4sin0/2 " 4 sin 0/2

aund since f 1S not nmwch larger thau I3 in @ UWB systemn
then @ must be on the order of one radian for the range
and azimuth resolutions to be comparable.

The motion compensation problem i s illustrated in
Fig. 1. Inthisslant range projection it is seen that if the
angle to the target diflers from the direction assumed in
the motion compensation then an crror

Aﬂmoc = Ay (COS (f’tgl - Cos d)moc)

is introduced. In the broadside case the error is

A/’moc = Ay (COS d’tgt -1 )

1 3cfore the azimuth compression cach range line will in-
clude reflections from all targets covered by the width of
the antenna beam. One approach to improve the motion
compensation degree for angles deviating from the antenna
fan beam plane isto combine a spot-like type motion com-
pensation scheme, with a strip map processing algorithm
as suggested in [18] and illustrated inFig 2. This ap-
proach ensures that points closc to the central reference
point. arc correctly motion compensated for all aspect an-
gles. T'he problemm with this approach is that it requires
the processing of afull aperture but will only provide good
motion compensation in a small neighborhood of the ref-
ercnce point. As the ratio between the patchlength which
needs to be processed and the useful iinage patch is very
large for typical system parameters, this algorithm is less
attractive from an efficiency point of view.

To illustrate principles, system parameters as shownin
‘Jable | arc assumed in the following. Phase accuracy re-
quirements arc addressed first. A course calculation shows
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Fig. 2. Motion compensation optimized with respect to a central
1 eference point in the scene.

that for a 10 m horizontal interferometric baseline (trans-
mit and receive on same antenna, single p ass Or repeat
pass) a desired height accuracy of 2 m, equivalent toa
2.8 m cross-linc-of-sight error (at 45° angle of incidence),
scaled by anapproximately 7 morthogonal baseline rel-
ative to a 15 km slant range, gives a maximum ¢ rror of
1.3 mmonthe dant range mcasured by the interferogi am.
This is equivalent. to 0.7° (12 mrad) of phase error on ci-
ther channel (assuming the channel errors arc independent,
which is not necessarily right but it provides an order of
magnitude for the accuracy sought). Anapproximate ex-
pression for the residual phase error when a spotlike type
motion compensation is applied was derived in [18],

i WH/'(?
2(po- *5)

d. is the residual phase error, pg is therange to the center
of the patch, W,, W, arc the azimuth and range extents
of the patch, Ay is the ofl-set, from the actual track to the
desired track, and ¢ is the ofl-boresight angle. Usiug the
paramecters of Table 1, and assuming the range extent of the
patch to be zero, the azimuth extent of each patch needs
to be smaller than approximately 600 m. This compared
to the aperture length of 750010 means that 8100 m along-
track nceds to be processed to advance the processing by
600 m, thus theinput data must be processed 13.5 times on
the average. When actua slant range extent is taken into
account the efliciency of the d)ot-like inotion compensation
technique degrades further.

A sccond requirement is particularly important for
repeat-track interfecrometry, where the motion to be com-
pensated for the two channels is completely independent.
The geometry of the processed images should be so well de-
fined that it is possible to overlay thetwo images and obtain
acoregistration accuracy which is a fraction (typically on
the order of a tenth) of the resolution cell size. This, how-
ever, is a less stringent requirement than the above phase
accuracy requirement for the parameters assumed here. In
arcpeat-track situation, where the baseline is much larger,
and the phase requirement correspondingly much relaxed,
the geometrical requirement canbe a factor.

In this paper it is assumed that the radar is transiting

b, = , Aycos® ¢

TABLI 1

ASSUMED SYSTEM PARAM E'1ERS

Parameter value
Center frequency 300 M1~
Bandwidth 200 M1~
Altitude! 10 kin
Slant range 15 kin
Azimuth resolution 1m
Aperture Length 7500 In
Apcrture angle 28°
Maximum off-track deviation Ay 5m

p ulses with a uniform along-track spacing. Even when this
is not the casc it is a fairly simple matter to implement a
variable rate azimuth presummer which effectively resam-
ples the echo lines such that the output of the presummer
will be uniformly spaced.

I111. 'T'HE BASIC IDEA

The key dilemma in properly correcting for undesired
motion, in a wide beamn system, is that one needs to know
and track the target location which is, however, not know
fromthe outset, for a wide arcastrip map system. The ba
sic idea to be employedin the algorithm suggested here is:
1) To perforin a first level of processing with some nominal
motion compensation applied, thus partially focussing the
image, and 2) to reprocess individual subpatches of this
image to refiue the motion compensation correction.  In
step one of this processing it is assumned that the target is
in the antenna fan beam plane. Targets arc therefor ¢ not
motion compensated correctly in off-boresight directions,
however, the motion compensation in the beam center di-
rection is correct. This will ensure that the target impulse
responses are located correctly geometricall y even though
generally insufficiently focussed.Instep two of the pro-
cessing, the tar get location is defined by the center of the
subpatch to be reprocessed, and it is thus a kcy require-
ment that the reprocessing per output patch is much less
computationally demanding that the first processing of the
wide area patch such that it is computationally affordable
to reprocess many sinall patches. As only the center of
cach subpatch is processed correctly a small subpatch size
is important to the perforimance.

1V. THE WAVENUMBER D OMAIN PROCESSOR

I o facilitate the derivations to come in the following sec-
tions, and to cstablish the notation, this section will sumn-
marize the kecy equations of the wavenumber domain pro-
cessor. Note that the processor could equally well have
been called the frequency domain processor. In the follow-
ing derivations arc expressed in terms of the spatial fre-
quencies in both range and azimuth.

Consider the geometry shown inltig 3. Thez and y
coordinates refers to the along-track and across-track tar-
get/scc]lc coordinates and the X and p coordinates refer to
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Fig. 3. SAR slant range plane geometry.

theimmage coordinates, The across-track coordinates arc
slant plane coordinates.

The complex valued bascband received signal, ss(p, X)s

is
- x\ 9@, o
//A( y ) I hip- It)
exp { jfm— R} dx dy (1)
Ao

where A accounts for the azimuth antenna pattern, g isthe
complex backscatter, P represents the signal attenuation
with range (p - 4 if the antenna illumination is uniform
ill rang(!), fisthecomplexbascbandrepresentation Of the
transmitted signal’s range modulation, and

R R(xy): Vie- X7 v

i s the slant range. Substituting fpo = 5 = —f" for the
slant range spatial frequency carrier, followcd by a Fourier
transform in range and azimuth, leads to,

SS( 1) - ////A( ) 2D 1

exp {- j2n f0 I} dx dy
oxp {- j2n ( pfp 4 xsx )} dp dx @

L)

Vet
0X]){»j2ﬂ (fﬂ\/'€2 - y '{fxﬁ'* fxfr)}
drdx dy @)

where the spatial frequency is the sum of the carr icr fre-
quency and the bascband frequency, f, = o0 fp, and
K =X - z is the difference between the target and obser-
vation aong-track positions.

The range compression isirrelevant for this discussion,
aud trivial, asit can be performed on each individual line
before performing the aziinuth compression. For simplic-
ity the range transfer function, H(f,), in cquation (3) is
thus assumned to be a rea valued range spectral weighting
function of the range signal after range compression,

“1'0 BE SUBMI'TTED, SEPTEMBER 1996 4

Before continuing, it is also noted that usually therange
Fouricr transform is pei forimed with respect to some oft-set

range, /= ppo, and from (2) IS scen that the Fourier
transform evaluated at an off-sct range is obtained by Inul-

tiplying by the exponential term, exp j2x f,,f)o
The stationary phase approximation, [19],

J F(k)exp (L)} dx

~ (’“’)\/ J(x)

d(ro) - ()

exp {7¢(k0)}  (4)

is a useful approximation as the azimuth time-baudwiclth
for relevant radar cases is large. Noting that the phase
function is

¢(r) = - 2n(fp /K24 Y2 4 fyk) (5)
and the stationary phasc point is
-
o (6)
BN/ A

(3) becomes after applying the stationary phase approxi-
mation,

\/fz jz
JIEEY enf on (5t /12 72) yanay ()
Yy 2

where S is the Fourier transform taken with respect. to
the ofl-set slant range and scaled as

B‘S(fp, ) exp {j27r fﬂ/)o} .S'S(f,), Ix)
3
4

1S‘S(.fpvfx) S'g'(fp»fx)\/“ ]f;l)’il(f/? - ff) :
At this point it is obvious that by making the substitution]

fy= fpot fy- \/f,? - JE- \/(pr 3 fp)z' T2

theinverse Fourier transform of GG(fy, fx)= SS(fo fx)»
times y”~1/2, provides a bandpass-filtered version of g(z,y)
with the filtering defined by H and A.

Finally taking int 0 account the rallgc-offset of theoutput
image § = y - Yo and formulating the result in terms of
bascband frequencies, fy, = f, - fyo, provides

S5 fx) = oxp {32nfopo} 11 (1) 4

)

(L)

:(-;(;io(fy,fx): E‘S(fm fx)carp{- jQﬂf,,[)o}C:l?]) {j?n fyyo}

: H(f.)A , gz y)cxl’{ Jzﬂy_fjo}
4 (f) [t

exp {»—_727( (fxa: + fyy) } dady (8)
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Fig. 4. The motion compensation geometry in the fan beam plane.

GG is the Fourier transform of g(a,y)/y? /2 aud the in-
dex zero is indicating that the resampling scheme applied
dots not take motion compensation into account.

V. FIRST oprbER MOTION COMPENSATION

A first o1 der motion compensation, which can be applied
independently of the azimuth processing, assumes that all
targets areinthe antenna fau beam plane aud that al
targets aic at areference elevation, such that the effective
platform elevation is H,,,.. For side-looking UWRB sys-
tems, the fan beam plane is generally so wide that it will
be assuined to be in the broadside direction. 'T'his does
not limit the principles applied and it dots simplify the
mathematical presentation to follow.

The motion compensation geomet ry is presented in Fig 4.

It will be useful inthe following to note that iu any point
the correction applied by this first order motiou compen-
sation is equivalent to a phase shift defined by the motion
-off-set in the linc-ofl-sight direction, k, and a frequency
shift defined by the motion off-set in the cross-linc-oft ~sight
direction, 1, as

Pimoc bsin(0 - a)
~ bSill(Oo - (1/) - gc;ziiilboa) (P - {)0)
~ kG0 K ) ©)
po tan b
k(x) = bsin{fp - «)
I(x) beos(y - «) (10)

The expansion is defined by » o, the radar displacement
givenby 11 aud a,and the assumed target height, H,,,oc.

To implement this first order motion compensation, the
received and rail.gc compressed signal ss(p, x) is interpo-
lated in range and phase shifted,

Ssmoc(p’ X) : Ssmeas(ﬂ ’ ﬂ”‘OC’X) exXp (- j27rfp0/)moc(}ll)
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V1. SECOND ORDER MOTION COMPENSATION

In this section is calculated how the actual platforin mo-
tion relative to the target as well as the applied first or-
der motion compensation affects the basic equations cstab-
lishing the wavenumber domain processing approach. As
the results will be target dependent it is reiterated that
the basic idea of this processing scheme is to first pro-
cess the data, after application Of the first order motion
compensation, using the basic algorithm described in sec-
tiou V. Then small patches from the image are extracted,
and Fouricr transformed, thus the approximate target loca
tions arc known, basically with au uncertainty which is half
the window size. The implications of this error is discussed
in a following scction.

The starting point for the derivation is (11) and the ob-

servation that the slant range is now given by

Bk V@ x)? + (v - Ayx))?

e Sl o yAy(x)
~ \/(l x)? 1 y? -\ﬁﬂf X)2.7 y'):
YA
Ro(x) ?’,—{—i%)f (12)

It is noted that Ay is the true motion deviation whereas
the earlicr defined k and 1 deviations are values assumed
in the motion compensation. To keep the description to a
minimum in this scction, it is noted that in the derivation of
the simple wavenumber domain processor the integrations
over zandy were carricd over throughout the calculation.
These integrals arc therefore left out in the following, but
arcimplicitly assuined. Similarly the weighting function in
azimuth, A(. . ), dots not change compared to the simple
treatment and is thus ignored.

Describing the motion compensated signal in terms o f
the linear expansion in k and 1 provides

Hx)
$8moc(py X) = h(p - k00 Grtane, (P « po))
/ >/ \ N
e {-iomsn (160 452 (oo )
e potanfy r )
g(x,y ,
: (Rl' )(exp{- 327 0 1}
ALy hpl o pytanby '
T Sy R(x)
; ) 27 f.0R'} (1
ex]) - j2m fpol;oa;‘»oo.'n exp {- j2nfp0R'} (13)
, yAy(x) U(x)
1O " () ™ Ty(y) - Lan O

At this point the Fourier relationship

Fourier
)

hap - Blexp- jyp) "«
Y exp -jznf*V} I (»“7> (14)
(e { o

«

is used to arive a therange frequency, azimuth space
result given in Appendix A, which to first order in the
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motion perturbations is equa to
; g(@,y) ,, ( ; 1x)
S‘mo » X ER L H - - .
Smoc(fps X) hev (fp } f"potanoo
Iy
exp {» i2n fo (] 4 — (X,)
fo 0

Performing the azimuth Fourier transform provides

SSmm‘(fp,f)‘) / g(;{’py)ll ( . .)(!X]) ](}‘)(K)}
exp{- j2n fyx}dr (1()
Uw A =)

o) o (£ (10 I Ry g} an

By exprressing the stationary phase solution, A, interms
of the perturbation, &, to the solution whenno motion is
present as /& = Ky -1 &, the first order solution is easily
found (sce Appendix B). It is noted, that for the actual
system parameter combinations studied (see Simulations
below) the first order motion compensation will stabilize
the image geometry so well that ignoring & is of minor
conscquence. 1 he modified stationary point is denoted &
in the following,.

Multiplying out the expressions fOr the phase, (17), to
first order in the motion perturbations leads to:

G(r): - 2n (fplto(R) -1 Sxh -1 fpe) (18)
with e given by
3 : E(R,I,yaﬂo)
k-1 2)Ro(R)  Ay(k - x)
o tanfy y ’ Ro(;;)
B4 2) _U(kH 1)
qon Rl = AR 1
! y y tanfo (19)

Note that kg is a stationary point for f,Ro(x)+ fy k. Thus
the desired Youricr relation

55(fp £3) = exp {2m fopo ) 11 (..0)
g(a,y)

f exp{—j2n(fxz+ fy Y)} (20)
T
is established if fy, and f,, are defined as:
Lo \JI2-1Eaed, (21)
Sy \/134 f2-¢fy 22)

The final result which will define the proposed algo-
rithin is obtained by observing that the Fourier transform
of g(z, y)/y" /% when motion compensation is taken into
account, can be expressed in term of the algorithm applicd
when motion compensation is not taken into account, as

GGy 1) = SSGJI24 12+ fue -~ Tooufy)
cxp{» jom (\/ F2A4 12— fye- f,,o) po}
cxv{ﬂ?rfyyo}

~ Eéo(fv + Ofy, fx)exp {—72r8fyy0}

(23
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Fig. 5 Processing algorithn, block diagram

where the required frequency shift is given by,

Ofy = - \/ (f;xo ' 'f;,jé ; J2

T'hese many calculations therefore leads to the very sim-
ple result that a second order motion correction can be
achicved by implementing a frequency domain shift and a
corresponding phase shift to the fi equency domain repre-
sentation of the siinple wavenumber doinain algorithm.

(24)

VI] . 1 MPLEMENTATION OF THE PROCESSOR

The basic flow of data t hrough the processor is illus-
trated in Fig. &, IFlrst the data is range compressed on
a line by line basis. The range compression is followed by
the motioncounipensation in the broadside (fan beam plane)
direction. This step, mocomp 1, implements the interpo-
lation aud the phase shift of equation (11). The following
processing step implements a wavel number domain pro-
cessor as detailed in section 1V. This provides a partially
focussed image. "I 'his partially focussed image is now sub-
divided into overlapping patches. For this study a patch
overlay of 50% has beenapplied in both range and azimuth,
sce Fig. b.

After dividing the image into subpatches each subpatch
is 2-1) Fourier trausformed. The next processing step then
implements the sccond order motion compensation given
by equations (23 24). Note that a this point the target
coordinates, 2 and y, arc approximated by the center of the
patch. Following the frequency domain interpolation and
phase shift, the subpatch is inverse Fourier transforined,
and the valid points of eacli subpatch arc mosaicked to
forin the focussed image.

VIIl. SIMULATIONS AND REVALUATION

The algorit described in this paper has been tested with
simulated data. A software suite was developed including
three magjor modules:
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Fig. 6. Subpatch overlay.

TABLE 11
MOTION PARAMETERS

Parameters

component  amplitude  period phase
13} 301n 50 km  0.78rad
Cy 25111 2.5 km Orad
Iy 0.5m 1k 1.57 rad

1. Raw Data Simultor. This module implements a spa-
tial domainraw data simulator. The radar platforin
trajectory is defined by an arbitrary number of sinu-
soidal elements. Across-track and vertical motion is
specified individually. The simulator is of the point
target type. The 3-1D locations of all targets arc
specied. The simulator aso allows the specification of
standard systemn parameters including, pixel spacing,
bandwidth ete. The simulator implements an antenna
beamwidth which is a function of frequency.

2. The wave domain processor. This module iimplements
the first order ‘motion compensation and a wavenum-
ber domain  processor.

3. Mocomp 2 processor. This module implements the
sccond older motion compensation scheme. Thie patch
size of the second order motion compensation correc-
tion can be varied.

A number of different geometries was simulated including
paramcters corresponding to fairly short range very high
resolution systems as well as parameters representative of
the proposed GHOSAR systemn. The simulatio n results pre-
sented here were based on the system parameters shown in
Table 1 except for the motion parameters. The motion pa-
rameters are specified in ‘1'able 11, where ¢ components in-
dicate across-track motion, and the h component is vertical
motion. The range and azimuth pixel spacings used in the
simulations were 0.6 m and 0.8 m. A swath corresporiding
to 8192 range samples was simulated.

First it is noted, that the level of motion pertubations
simulated here arc so large that. without motion compen-
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Fig. 7. Impulse resporise function, in azimuth, when first order mo-
tion compensation is applied. Solid line is amplitude in dB, the
dashed line is 10 times the phasc in radians.

sation no well defined mainlobe is obtained at all (most
of thesignal energy is spread out over a 60-70 m irregu-
lar impulse response function in the azimuth dimension).
Range impulse response functions arc not discussed at all
int he following as the azimuth impulse response function
is a much more sensitive indicator of performance.

A typical azimuth impulse response after processing with
the first order motion compensation is shown in Fig. 7.
The solid line indicated the amplitude response in dB, the
dashed line shows the phasceresponse multiplied by ten. A
quite irregular impulse response function is noted, and the
phase variation over the inainlobe is clearly unacceptable
for interferometric applications.

Inkig. 8 is shown the same point target, however, after
the second order motion compensation has been applied.
Note that in this case the phasc plotted is the actual phase
multiplied by 100. This plot is a best case situation iuthe
scnsc that the point target was located in the center of the
patchin the azimuth direction. (It is noted that for range
patch sires 512 range bins or smaller, range location was
insignificant for the results. )

Figs. 9 and 10 arc on the other hand worst case situa-
tions as the patch boundary in this case was going right
through the mainlobe of the impulse response function. In
Figs. g the target peak is inmidiately after a patch bound-
ary which mcan that the patch center is located half the
patch width after this impulse response function.

in Figs. 1() the target peak is immidiately before a patch
boundary which mean that the patch ceuter is located half
the patch width before this impulse response function. It
was interesting to note that the actual phase at, the peak
did vary as a function of the patch location relative to the
target location. ldeally, the patch center and the target
location should be identical. For these simulations it was
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Fig. 8 Iinpulse response function, in azimuth, when second o1 der
motion compensation is applied. ‘1 'hetarget is centeredint he
reprocessed patch. Solid line is amplitude in dB3, the dashied line
is 100 times the phase in radians.

found that the phasc at the pecak varied from 0.244 radi-
aus in the “center” case, to 0.238 and 0.251 iu the “be-
for ¢ and “after” cases. This variation of :10.07 radians
was observed with an azimuth patch size of 128 samples
(of which the central 64 samples are kept). Tests using
patch sizes of 256 aud 512 samples showed that the phase
crror at the peak scaled with the distance from the point
target to the center of the patch (as expected).

IX. 1. IMITATIONS

The algorithm dots have limitation which should be
noted. T'wo of these limitations relate to the sensitivity
to target location within the swath as indicated in the pre-
vious scction.

[ Yue to the fact that the target location is approximated
by the center of the subpatch processed, the motion com-
pensation data applied for the second order motion com-
pensation can be offset by a quarter of the patch size in
the along-track dircction. This basicaly mecans that, high
frequency motion will not be corrected as well as low fre
quency components. Some simple trigonometric calcula-
tions will show that for an along-track offset, A, the at-
tenuation of a motion pertubation with period e is

YA
2sin -

which also shows that for otion periods shorter than6
times the worst case aong-track offset (equal to one quar-
ter of the patch size) the second order motion compen-
sation can actually result iu a imnpulse response degrada-
tion. These higher frequency components should thus be
removed from the motion data before sccond order motion
compensation is applied.
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Fig. 9. mpulse response function, in azimuth, when second order
motion compensation is applied. The target peaks immediately
after the transition from one patch t o the next. Solid line is
amplitude in dB, the dashed line is 100 times the phaseinradians.

T'he second performance issue is the phase discontinu-
ity on patch boundaries. ‘I'he discontinuity observed iu
t he siimulation results presented above can be explained by
the 64 sample shift of the motion pertubations. A theo-
retical calculation will show that taking into account that
the second order motion compensation is proportional to
cos ¢ 1, where ¢ is the ofi-boresight angle, then the slope
of the 30 km period pertubation will introducea worst-case
phase discontinuity of 0.08 radians, in good agreciment with
the simulation results.

In the simulations shown here the height difference be-
tween the radar platforin and the target assumed in the
motion compensation was identical to the height diflerence
appliedin simulating the raw data.In rea life unknown
target topography will introduce differences between the
actual height and the assuined height. Additional simula-
tions showed that even fairly small errors iu the assumned
height would severely dc.grade the impulse response func-
tion. The degradations observed were in good agrecment
with siiple teoretical calculation of the error introd uced
inthe assumed line-of-si.gilt direction when the assumned
target height is in error.  This reduction in the motion
compensation degree causecl by uncertainties in the tar-
get elevation is not |-elated to the algorithm applied but
is a fundamental problein, which would also excist even
if atime-domain processor was applied. However, the fact
that the second order motion compensation isimplemented
as an additional processing step following the standard
wavenumber domain processing does make it possible to it-
erate the second order motion compensation as topographic
intermation becomes available in au interferometric system.
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X. CONCLUSIONS

This paper outlines a processing algorithim which will
process ultra wide band synthetic aperture radar data per-
tubated by undesired radar platforin motion. The algo-
rithm will account for motion deviations as a function of
the changing relative position of the target within the an-
tenna beam over the aperture formation. The algorithm is
compwtationally very efficient, compared to both a time-
domain processor and other published processing schemes
applicable to this problem.

XI. APPENDIX A.

Therange Fourier transform of (13) when using the
Fourier relation giveniu (14) is

s g ‘Tsy -6
SSmoc(me) : “("R;T")’ exp {- j2n fpoR(X)}
1 . ) N
,(1 f- o) 7)— H (f,,,,,wc) exp {~ j2n f,,,,,lm]{.(x)} (25)
po tan Oy
P {
Jo Sogila;

1 - 10

o tan O

Fomoc (26)

Assuming that only the first order term in the motion per-
turbations matter, this can be approximated by (1 5).
XI1. ArpP ENDIX B

Solving (5) to first order iu the motion perturbation,
gives the following modification to the simple solution, (6)

B Nty yed kgl
) Uko 4 2
K 0 -} &
i -k -o o A 7)
(Y ) Potan O

9
.2 2['(,; 1
2 { Ko 0 l:l,)
v (?12 ’ 1)1 -Pu tan fly (27)
Ko
woo S Aukeda) (28)
f{% ’
Y2 -, -1l yAY (ko + x) (29)
(¥ )
2 3
ky - (f;g A1 yk (ko + ) (30)
K2 2 (ko 1 @)
L = 4 =g Y- (31)
(¥ 1) tan Gy

The individual contributions canbe related to the physics
of the problem. The f; term is a correction for the fre-
quency shift caused by the first order motion compensa-
tion. The ¥1term is a correction of the azimuth chirp rate
as the slant range is modified by the motion iu the slanit

range plane. The ¥2, k), and b terins arc corrections for
the image skew that arc implemented by the actual track
not being parallel to the reference track, and the motion
compensation applied to correct for it. It is noted that if
the assumed motion is identical to the motion corrected for,
Ay  k,thenthe¥y2and ky terms will be close to identical.
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